Abstract. Variation in the internal transcribed spacer (ITS) of the rRNA (rrn) operon is increasingly used to infer population-level diversity in bacterial communities. However, intragenomic ITS variation may skew diversity estimates that do not correct for multiple rrn operons within a genome. This study characterizes variation in ITS length, tRNA composition, and intragenomic nucleotide divergence across 155 Bacteria genomes. On average, these genomes encode 4.8 rrn operons (range: 2À15) and contain 2.4 unique ITS length variants (range: 1À12) and 2.8 unique sequence variants (range: 1À12). ITS variation stems primarily from differences in tRNA gene composition, with ITS regions containing tRNA-Ala + tRNA-Ile (48% of sequences), tRNA-Ala or tRNA-Ile (10%), tRNA-Glu (11%), other tRNAs (3%), or no tRNA genes (27%). Intragenomic divergence among paralogous ITS sequences grouped by tRNA composition ranges from 0% to 12.11% (mean: 0.94%). Low divergence values indicate extensive homogenization among ITS copies. In 78% of alignments, divergence is <1%, with 54% showing zero variation and 81% containing at least two identical sequences. ITS homogenization occurs over relatively long sequence tracts, frequently spanning the entire ITS, and is largely independent of the distance (basepairs) between operons. This study underscores the potential contribution of interoperon ITS variation to bacterial microdiversity studies, as well as unequivocally demonstrates the pervasiveness of concerted evolution in the rrn gene family.
Introduction
The internal transcribed spacer (ITS) region separating the bacterial 16S and 23S rRNA genes is increasingly used to assess microheterogeneity in the growing field of bacterial population genetics (e.g., Di Meo et al. 2000; Boyer et al. 2002; Hurtado et al. 2003; Vogel et al. 2003; DeChaine et al. 2006) . Relative to molecular markers used in bacterial phylogenetics (e.g., 16S rRNA, rpoB), the ITS region experiences low selective constraint, evolves rapidly, and provides a high-resolution estimate of gene flow and genetic structuring at the population scale (Gu¨rtler and Stanisich 1996; Anto´n et al. 1998; Schloter et al. 2000; Rocap et al. 2002 Rocap et al. , 2003 . However, use of the ITS marker for studies of environmental samples is problematic due to the common occurrence of multiple ribosomal RNA (rrn) operons within a genome and to the possibility of intragenomic variation in ITS sequence and length. Given that strain-level genetic diversity, as measured by ITS sequence and length variation, has been conclusively linked to diversity in bacterial ecotypes (e.g., Rocap et al. 2002 Rocap et al. , 2003 Jaspers and Overmann 2004; Hahn and Po¨ckl 2005) , intragenomic ITS variation may lead to an overestimation of the number of functionally distinct bacteria in environmental samples. In particular, intragenomic heterogeneity in ITS length has the potential to skew estimates of diversity that are based solely on DNA fingerprinting techniques (e.g., ARISA; Fisher and Triplett 1999; Ranjard et al. 2000; Crosby and Criddle 2003) . Accurately assessing bacterial microdiversity using ITS-based techniques therefore requires an understanding of how this region evolves in distinct bacterial taxa.
Several studies directed at specific bacterial taxa have provided important insight into ITS variation and evolution. These studies primarily describe ITS variation at the interstrain and interspecies levels, particularly with respect to medically relevant organisms (Chun et al. 1999; Osorio et al. 2005; Gonza´lez-Escalona et al. 2006) , for which knowledge of ITS composition is valuable for differentiating and tracking pathogenic genetic variants. Several of these studies also directly or indirectly characterize variation among ITS regions within the same genome (Graham et al. 1997; Anto´n et al. 1998; Luz et al. 1998; Boyer et al. 2001; Giannino`et al. 2003; Milyutina et al. 2004 ). These show the potential both for substantial intragenomic heterogeneity in ITS sequence and length and for high levels of interoperon sequence conservation within certain regions of the ITS (Gu¨rtler and Stanisich 1996; Anto´n et al. 1998; Nagpal et al. 1998; Rocap et al. 2003) . This pattern has been attributed to homologous recombination that rearranges tRNA genes and other sequence blocks within the ITS region, often generating ITS regions characterized by a modular composition of alternating variable and conserved sequence blocks (Gu¨rtler and Stanisich 1996; Anto´n et al. 1998; Lan and Reeves 1998; Liao 2000; Wenner et al. 2002; Osorio et al. 2005) . Indeed, the nonreciprocal transfer of such sequence blocks between paralogous rrn operons (i.e., gene conversion) has been proposed as a mechanism that may ultimately homogenize parts or all of the rrn operon across all copies within a genome (Liao 2000) . However, prior studies have focused on one or a few bacterial taxa or on variation in ITS length only. For many taxa, the extent to which recombination either homogenizes ITS regions or generates new combinations of sequence blocks within the ITS is unclear. In addition, the relative contribution of point mutations to intragenomic ITS divergence, though potentially large (Anto´n et al. 1998; Liao 2000) and of direct relevance to accurately interpreting population-level genetic processes, has been characterized for only a few bacteria (e.g., Anto´n et al. 1998; Boyer et al. 2001) . A comprehensive analysis of ITS composition in all rrn operons in a genome and across diverse bacterial groups is needed to characterize the relative roles of recombination and point mutation in ITS evolution.
The recent wealth of whole-genome sequence data allows comprehensive assessment of ITS structure, variation, and evolution across distinct bacterial lineages. Using genomic data from 155 taxa representing all major bacterial groups, this study quantifies genetic variation in the ITS region among multiple rrn operons within a genome (paralogues). Our analyses identify clear differences in intragenomic ITS length, composition, and divergence among bacterial groups and underscore the surprising extent to which genetic content is homogenized across distinct rrn operons within a genome. These data greatly increase our understanding of the evolution of the ITS region in Bacteria and provide a framework for integrating this knowledge into studies that use the ITS for bacterial strain typing, microdiversity estimation, and population genetics.
Materials and Methods

Sequence Data
ITS and 16S rRNA gene sequences from 155 complete Bacteria genomes with multiple rrn operons were obtained from the National Center for Biotechnology Information (NCBI) Microbial Genome project in June 2006. Accession numbers for these genomes are listed as Supplemental Material. (Complete genomes containing only a single rrn operon [representing $60 distinct species at the time of the analysis] were excluded from this study.) Genomes were chosen in order to span the phylogenetic diversity of Bacteria and include representatives from 12 of the major phylogenetic groups represented in the NCBI database (Table 1) . However, given the current taxonomic coverage of the database, Bacteria from the c-Proteobacteria and Firmicutes divisions are most abundant in our data set, constituting 35% and 20% of the genomes, respectively (Tables 1 and 2 ). In several instances multiple strains from the same species were included in the analysis to evaluate variation in ITS length and composition among closely related organisms. For each rrn operon within a genome, the base-pair coordinates corresponding to the 3' terminus of the 16S rRNA gene and the 5' start of the 23S rRNA gene were entered into the sequence retrieval function on the NCBI database and used to extract the intervening ITS sequence. Also, the 16S rRNA gene sequence corresponding to each ITS was downloaded from each genome's structural RNA table (in NCBI). Archaea, which commonly contain only one rrn operon (Acinas et al. 2004b ) and which have been the focus of relatively few ITS-based diversity studies, were excluded from this analysis. Nonetheless, increasing use of the ITS for Archaea strain typing may warrant a systematic examination of ITS evolution in this domain.
Intragenomic Sequence Analysis
Each ITS sequence was categorized based on the presence of distinct tRNA genes as belonging to one of five classes, containing tRNA-alanine + tRNA-isoleucine (tRNA-Ala+Ile), tRNA-Ala or tRNA-Ile singly (tRNA-Ala/Ile), tRNA-glutamate (tRNA-Glu), other tRNAs (tRNA-other), or no tRNA genes (tRNA-none). The presence or absence of distinct tRNA genes within an ITS was determined based on each genome's annotation. For each genome, all ITS sequences belonging to the same Number of unique (nonidentical) ITS sequence variants per genome; sequences are unique if they differ by as few as 1 bp (within alignable region) from paralogues within the same ITS class; when two numbers are given, the second number indicates the count when sequence variants generated by internal insertion-deletion events (indels; ‡1 bp) are included; single values reflect instances in which including internal indels does not increase the number of variants.
f % div equals average pairwise nucleotide divergence as a percentage of the alignable sequence length; divergence values were corrected for multiple hits using a Kimura two-parameter model of nucleotide substitution, with the transition/transversion ratio set to 2.0; indels were excluded from calculations.
g Number of insertion-deletion events (gaps ‡1 bp) within an ITS alignment; overlapping indels are counted as a single event.
h
Percentage of variable sites (number of segregating sites due to base substitution + number of indels) due to indels.
i ITS of operon 1 is 2880 bp long and contains two protein-coding genes but no tRNA genes; the terminal 270 bp align perfectly with the terminal 270 bp of the second ITS.
j Does not align with other ITS regions in the genome.
k ITS of operon 7 (332 bp) cannot be aligned with others and is excluded from diversity estimates. *ITS alignments contained nonhomologous regions, which were excluded from pairwise diversity (% div) estimates and indel counts. Number of unique (nonidentical) ITS sequence variants per genome; sequences are unique if they differ by as few as 1 bp (within alignable region) from paralogues within the same ITS class; when two numbers are given, the second number indicates the count when sequence variants generated by internal insertion-deletion events (indels; ‡1 bp) are included; single values reflect instances in which including internal indels does not increase the number of variants.
c % div equals average pairwise nucleotide divergence as a percentage of the alignable sequence length; divergence values were corrected for multiple hits using a Kimura two-parameter model of nucleotide substitution, with the transition/transversion ratio set to 2.0; indels were excluded from calculations. To estimate bias due to the inclusion of multiple strains from the same species, summary statistics (in parentheses) were also calculated based on a data set from which replicates/strains of the same species were excluded.
ITS class were aligned either manually in MacClade 4.0 (Maddison and Maddison 2000) or automatically in CLUSTAL X (Chenna et al. 2003) . Due to high levels of interclass variation in length and sequence and an obvious lack of positional homology among sequences, ITS sequences representing distinct classes were not aligned. Rather, nucleotide diversity was calculated only for alignments of ITS sequences belonging to the same class. For 12 genomes in this study (see Table 1 , footnote *) CLUSTAL misaligned regions of ITS sequences (from the same class) that, upon manual inspection, were clearly identified as nonhomologous. These regions, while representing sequence divergence in the form of the recombination (insertion or deletion) of sequence blocks, erroneously inflate estimates of base substitution and therefore were excluded from calculations of nucleotide divergence. For each alignment, the average pairwise nucleotide divergence as a percentage of the alignable sequence length (% div) was calculated using the program dnadist in the PHYLIP 3.66 software package (Felsenstein 2005) . Divergence values were corrected using a Kimura two-parameter model of nucleotide substitution, with the expected transition to transversion ratio set to 2.0. Uncorrected, nonpairwise nucleotide divergence (the number of segregating sites [S] as a percentage of the total alignable sequence length: % S) was also calculated for comparison using the program DnaSP V.4.0 (Rozas et al. 2003) . Also, intragenomic divergence (% div and % S) in corresponding 16S rRNA gene sequences was calculated to assess the relationship between ITS and 16S rRNA gene divergence. The insertion of gaps into alignments of sequences that differ in length may introduce error in genetic analyses due to the difficulty of unequivocally determining positional homology among nucleotides and, therefore, the uncertainty over gap placement (Lutzoni et al. 2000) . Consequently, insertion-deletion events (indels) within ITS regions were not extensively examined in this paper and were excluded from calculations of average pairwise divergence. Nonetheless, the contribution of indels to intragenomic ITS divergence was estimated separately by counting the total number and length of internal gaps ( ‡1 bp) within each alignment. As with base substitutions, indels falling within misaligned regions were not included in total counts. For genomes in which this occurred (see Table 1 , footnote *), the contribution of indels to ITS divergence is underestimated. For all other genomes in which the regions flanking gaps were clearly homologous, each internal indel, regardless of its length or whether it was composed of smaller overlapping indels, was counted as a single evolutionary event. The number of indels per alignment is expressed as a proportion of the total number of variable sites (number of indels + number of segregating sites due to base substitution; Table 1 ). All alignments generated in this study are available from the authors upon request.
rrn Operon Location
To assess the relationship between intragenomic variation and the spatial distribution of ITS-containing rrn operons in the bacterial genome, operon locations (bps relative to the origin of replication) were displayed graphically along the bacterial chromosome (shown as linear). Linear representations of the chromosome showing operon positions coded by ITS class were then displayed on a phylogenetic tree constructed for each bacterial group. Phylogenies were estimated in PAUP 4.0 (Swofford 2003) using maximum parsimony analysis of 16S rRNA gene sequences taken from the first rrn operon of each genome (based on bp numbering along the coding strand relative to the origin of replication). Analyses were conducted under the heuristic search option. For the few genomes (12 of 155) composed of more than one rrn operon-containing chromosome, only the chromosome containing the greatest number of rrn operons was displayed (Fig. 4) . In addition, for all pairwise comparisons among ITS sequences of the same class within a genome, the genetic distance between sequences was plotted as a function of the physical distance (bp) separating these regions on the chromosome.
Results
We analyzed a total of 748 ITS sequences from 155 Bacteria genomes representing 12 major taxonomic divisions (Table 1) . In all instances the number of ITS sequences per genome corresponds to the genome's rrn operon copy number; there are no instances in which an rrn operon (with full-length rRNA genes) does not contain a spacer separating the 16S and 23S rRNA genes. The number of rrn operons per genome ranges from 2 to 15 (maximum in Photobacterium profundum; Table 1 ), with a mean of 4.8 (SD, 2.7; median, 4.0). On average, bacteria in the gram-positive division Firmicutes contain the highest number of rrn operons per genome (mean, 6.5; SD, 3.0). (Note: To estimate bias due to the inclusion of multiple strains of the same species in the analysis, summary statistics were also calculated based on a smaller data set from which replicates/strains of the same species were excluded (Table 2, footnote i). These results differ insignificantly from those based on the entire data set.)
ITS Length
ITS length varies substantially among bacteria, ranging from 13 bp in Lactobacillus salivarius (Firmicutes) to 2880 bp in Saccharophagus degradans (cProteobacteria; Tables 1 and 2) , with an average of 476 bp (SD: 213). While ITS length differs considerably among bacterial groups, with the smallest mean ITS size in the gram-positive Firmicutes, there is considerable overlap in ITS length among taxa (Fig. 1) . Of the 277 unique ITS lengths represented in this data set, 69 are shared by two or more genomes (range: two to seven genomes per ITS length). Conversely, ITS length can also vary substantially among rrn operons within a genome. Indeed, 59% of the genomes contain ITS regions that differ in length among operons. Interoperon ITS length variation ranges from 1 to 2201 bp, with the number of ITS length variants per genome ranging from 1 to 12 (mean, 2.4; maximum in Photobacterium profundum; Table 1 ).
ITS Class-tRNA Composition
Based on tRNA gene composition, ITS regions are separated into five primary classes (Table 1) : ITS with tRNA-alanine + tRNA-isoleucine (tRNAAla+Ile; 48% of sequences), ITS with tRNA-Ala or tRNA-Ile (tRNA-Ala/Ile; 10%), ITS with tRNA-glutamate (tRNA-Glu; 11%), ITS with other tRNAs present (tRNA-other; 3%), and ITS with no tRNA genes (tRNA-none; 27%). ITS regions within the class tRNA-other are further subdivided according to their exact tRNA composition, as specified in Table 1 (column 2). The number of ITS classes per genome ranges from one to seven, with 41% of the genomes analyzed containing ITS sequences representing two or more ITS classes (Table 1) . Multiple ITS classes occur most commonly in enteric bacteria and Vibrio species within the c-Proteobacteria, as well as in gram-positive Firmicutes bacteria (Tables 1 and 2) . In all cases, differences in ITS class among operons within a genome also reflect differences in ITS length. There is considerable variation in the relative abundances of different ITS classes among major groups of Bacteria (Fig. 2) . Sixty-two percent (125 of 202) and 100% (39 of 39) of ITS sequences from the Firmicutes and the gram-positive Actinobacteria, respectively, contain no tRNA genes; this contrasts with 8% (25 of 309) in c-Proteobacteria. The greater percentage of ITS sequences with no tRNA genes in Firmicutes and Actinobacteria likely corresponds to the typically shorter ITS length observed in these taxa. The presence of the gene for tRNA-Glu in the ITS may be specific to the c-Proteobacteria, occurring in 27% (84 of 309) of ITS sequences from this division but not appearing in sequences from any other group. These data indicate conservation of ITS tRNA composition corresponding to phylogenetic affiliation, as suggested previously by Boyer et al. (2001) .
Instances in which an ITS contains genes other than those for tRNA-Ala, tRNA-Ile, or tRNA-Glu are relatively rare and are confined to bacteria of the genus Vibrio (c-Proteobacteria) and to the related bacterium Photobacterium profundum (Table 1) . ITS regions in these organisms also may contain genes for tRNA-lysine (Lys) and tRNA-valine (Val), which often occur in combination with tRNA-Ala and tRNA-Glu in the same ITS region (Table 1) . Also, in one species (Desulfitobacterium hafniense (Firmicutes)), an ITS contains the gene encoding the tRNA for phenylalanine (Phe). Interestingly, the first ITS (2880 bp long) in the genome of the c-proteobacterium Saccharophagus degradans contains genes encoding a response regulator receiver domain protein and a putative lipopolysaccharide heptosyltransferase-1. These genes and the sequences flanking them are absent from the second ITS (679 bp) in the genome. However, the terminal 270 bp of each ITS is conserved with 100% identity between the two operons (Table 1) . A similar pattern has been documented for Mycoplasma imitans, which has an exceptionally long ITS (2488 bp) containing a putative transposase gene (Harasawa et al. 2004) . How the insertion of these genes into the ITS affects the cotranscription of this region with adjacent ribosomal rRNA genes or the potential role of the ITS in the processing of rRNA transcripts is unclear.
Intragenomic Nucleotide Divergence
To provide an initial estimate of intragenomic ITS sequence diversity, we counted the total number of unique ITS sequence variants per genome (Tables 1  and 2 ). These estimates reflect sequence variation due to differences in ITS class ( Supplementary Fig. 1A ) as well as variation ( ‡1-bp difference) among sequences of the same class. Bacterial genomes in this data set contain, on average, 2.63 unique ITS sequence variants (range, 1À12; Tables 1 and 2 ). This value increases only slightly (to 2.75) when sequence variants generated by internal insertion-deletion events (indels; ‡1 bp) are included in the counts. As anticipated, the number of sequence variants per genome increases with rrn operon copy number (Supplementary Fig. 1B ) and is highest in genomes with multiple ITS classes, reaching a peak of 12 variants in Vibrio fisheri and Photobacterium profundum (c-Proteobacteria), whose ITS sequences represent 6 and 7 distinct ITS classes, respectively.
Within an ITS class, intragenomic nucleotide divergence (% div) is surprisingly low. Across all genomes mean divergence is 0.94% (median, zero; range, 0%À12.11%; SD, 2.01), with 78% of all ITS alignments (157 of 201) showing <1% divergence ( Supplementary Fig. 2 ). Indeed, 54% of all ITS alignments show zero sequence variation within each genome (i.e., no base substitutions; Table 1), and 81% contain at least two identical sequences (Fig. 4) . Instances of zero variation occur in every major Bacteria taxa (Table 1, Fig. 4 ) and are not restricted to alignments with few sequences or to alignments in which functional constraint on sequence change may be imposed by the presence of tRNA genes. For example, the gram-positive bacterium Clostridium acetobutylicum possesses 11 ITS sequences, none of which encodes a tRNA gene and all of which are identical in sequence (Table 1) . Furthermore, sequence homogenization is not limited only to short ITS regions; the length of ITS sequences showing zero intragenomic variation averages 546 bp and ranges from 13 to 1255 bp (Table 1) . Interestingly, in seven genomes in which multiple rrn operon-containing chromosomes are present (Brucella abortus biovar 1 str. 9-941, Brucella melitensis 16M, Brucella melitensis biovar Abortus 2308, Burkholderia pseudomallei K96243, Ralstonia eutropha JMP134, Rhodobacter sphaeroides 2.4.1, Vibrio vulnificus YJ016), identical ITS sequences are found on separate chromosomes (see legend to Fig. 4 ; only the chromosome containing the greatest number of rrn operons is displayed in Fig. 4) .
Intragenomic sequence divergence does differ among taxonomic groups (Table 2) , however, ranging from zero in -Proteobacteria (n=4 genomes) and cyanobacteria (n=7) to an average of 1.44% in Firmicutes (n=31). On average, ITS divergence is highest in regions that do not contain a tRNA gene, suggesting that functional constraint on tRNA sequence change may impact the rate of base substitution in the ITS. Across all genomes analyzed, the greatest nucleotide divergence occurs in the Firmicutes bacteria Geobacillus kaustophilus (10.1% div), Thermoanaerobacter tengcongensis (10.8%), and Carboxydothermus hydrogenoformans (12.1%), all of which inhabit hydrothermal environments.
As expected, intragenomic divergence is greater for the ITS region (mean: 0.94% div) than for the 16S rRNA gene (mean: 0.17%; Table 2 ). Interestingly, however, in 24% (48 of 201) of the alignments, 16S rRNA divergence exceeds that in the corresponding ITS region (Table 1, Fig. 3) , and the percentage of alignments showing zero divergence is lower for the 16S rRNA gene (42%) than for the ITS (54%). However, the extent to which 16S rRNA divergence exceeds ITS divergence is relatively small, averaging 0.13% ± 0.14 (SD) and ranging from 0.02% to 0.66%. The r 2 for the comparison between ITS and 16S divergence shows that 16S variation accounts for less than one-third of the intragenomic variation in the ITS (Fig. 3) , suggesting that the processes generating intragenomic diversity, or the distribution of nucleotide polymorphisms among operons, may differ between ITS and 16S regions.
Counts of the number of internal gaps within alignments of ITS sequences from the same class show that insertion-deletion events (indels; ‡1bp) on average represent 16% of the total number of variable sites (number of indels + number of segregating sites due to base substitution; alignments with no variation excluded from averaging). Of the total number of indels, 48% are a single base pair Numbered symbols correspond to ITS classes: À = tRNA-Ala+Ile,`= tRNA-Glu,´= tRNA-Ala/Ile,ˆ= tRNA-other,˜= tRNAnone. Note that ITS regions within class tRNA-other are further subdivided (using subscripts) according to their exact tRNA composition; this pertains only to c-Proteobacteria in the genera Vibrio and Photobacterium. Filled symbols indicate identical ITS sequences (along the alignable length of the sequence and excluding indels). Black fill highlights instances in which all sequences within a class are identical. Colored fill identifies instances in which some but not all sequences are identical, with identical sequences grouped by the same color. For genomes in which multiple rrn operons are arrayed in close proximity to one another (e.g., Bacillus sp.), symbols were made smaller to more accurately display their position on the chromosome. H = genome contains more than one rrn operon-containing chromosome; only the chromosome containing the greatest number of rrn operons is displayed. HH = Rhodobacter sphaeroides chromosome II is shown; chromosome I is larger (3.2 Mbp) but contains only one rrn operon. ¤ = identical ITS sequences occur on separate chromosomes. ''Other divisions'' includes bacteria belonging to the divisions Actinobacteria, Bacteroides, Chlamydiae, Spirochetes, and Aquificales. Taxa are organized according to phylogenetic affiliation. Trees were generated via maximum parsimony analysis of 16S rRNA gene sequences from complete genomes using the heuristic search option in PAUP 4.0. Numbers by taxonomic group names indicate the length of 16S sequences used in each analysis; indels were excluded. in length; when these singletons are excluded, the percentage of variable sites due to indels decreases to 9%. However, for some genomes, extensive recombination of sequence blocks (i.e., multiple indel events) within regions of the ITS precludes accurately determining the placement of gaps and establishing positional homology among nucleotides. Such ambiguously aligned regions were excluded from diversity analyses. In the 12 genomes in which this occurred the contribution of indels to intragenomic ITS variability is underestimated (see Table 1 , footnote *). 
Intragenomic Divergence and rrn Operon Position
To examine the relationship between chromosome position and ITS structure and interoperon divergence, we mapped the linear distributions of rrn operons (coded by ITS class) onto the bacterial chromosome and displayed these distributions on the phylogenies of the taxa examined in this study (Fig. 4) . Our results show that the spatial distribution of rrn operons on the chromosome is generally conserved among closely related taxa. However, there is not a clear relationship between intragenomic ITS divergence and rrn operon position on the chromosome; instances of zero divergence between operons can occur regardless of whether operons are clustered or dispersed throughout the genome (Fig. 4) . Furthermore, across all genomes, pairwise nucleotide divergence between ITS sequences belonging to the same class within a genome did not significantly covary with pairwise distance (bp) between operons (regression slope, 2 · 10 )7 ; R 2 = 0.01; data not shown). 
Discussion
To accurately assess intragenomic ITS divergence in Bacteria, we confined our analyses to sequence data from completed genome projects present in the NCBI database. Focusing solely on genomes with multiple rrn operons, we examined ITS sequences from 155 taxa representing 12 major phylogenetic divisions of Bacteria. The breadth of this analysis ensures a comprehensive description of ITS sequence variation within and across diverse bacterial groups. These data are of direct relevance both to microbial ecologists who use ITS variation as a proxy for microbial diversity, as well as to evolutionary biologists and geneticists seeking to understand recombination processes within the rrn gene family of Bacteria.
ITS Length Variation
As reported by other authors (Gu¨rtler and Stanisich 1996; Fisher and Triplett 1999; Ranjard et al. 2000; Boyer et al. 2001 ), our data set shows considerable overlap in ITS length range among bacterial groups (Table 2 ). This raises the possibility that multiple phylotypes are represented by single gel bands or electropherogram peaks in ITS length-based diversity analyses (e.g., automated ribosomal intergenic spacer analysis [ARISA] [Crosby and Criddle 2003] ). Such occurrences would result in underestimates of bacterial diversity. Of the 277 unique ITS lengths represented in this data set, 69 are shared by two or more genomes (range: 2À7 genomes per ITS length). Assuming an optimal resolution of 1 bp, if the diversity of organisms used in this analysis was assessed using the total number of unique ITS length variants as a proxy for richness, 25% of gel bands (or electropherogram peaks in ARISA) would be represented by multiple organisms. If resolution drops to 2 or 3 bp, this percentage increases to 43% or 54%, respectively. However, for this data set, the number of genomes sharing ITS sequences of identical length is biased upward by the inclusion of multiple strains from the same bacterial species. Indeed, of the 13 instances in which multiple strains of the same species occur in the data set (Table 1) , 6 (46%) show conservation of identical ITS length variants among strains.
The potential masking of distinct strain-level genetic variants by ITS length-based diversity analyses should not be overlooked. Strain-level genetic diversity is increasingly recognized as an important component of natural microbial communities (Schloter et al. 2000; Acinas et al. 2004a; Coleman et al. 2006 ). Indeed, strain-level variants in ITS or 16S rRNA gene sequence have been linked to genomes that differ significantly in allelic composition and size (up to 1.1 Mbp size variation [Thompson et al. 2005] ). Furthermore, strain-level variation in co-existing bacteria has been definitively linked to variation in metabolic and ecological capabilities (e.g., substrate use, growth rate, motility [Rocap et al. 2002; Jaspers and Overmann 2004; Hahn and Po¨ckl 2005] ). If strains of the same species commonly possess ITS regions of identical length, as suggested here, analyses that use the total number of ITS length variants as a proxy for diversity may exclude functionally divergent, and ecologically important, genetic variants from diversity estimates.
Conversely, community fingerprinting techniques such as ARISA, unless coupled to sequence-based assessments of intragenomic ITS variation (e.g., clone library analysis [Garcı´a-Martı´nez et al. 1999; Kent et al. 2006] ), may overestimate microbial diversity when bacteria with multiple rrn operons are present. Indeed, 59% of the genomes analyzed here contain ITS regions that differ in length among operons (range in interoperon length variation: 1À2201 bp), and the total number of unique ITS length variants exceeds the true richness of the data set by 79%. However, for some environments (e.g., oligotrophic marine waters), the contribution of bacteria with multiple rrn operons to estimates of diversity has been considered relatively minor . This is partly based on genome sequences showing that some common marine bacteria (e.g., Prochlorococcus, Synechococcus, Silicibacter pomeroyi) typically possess few rrn operons and that when multiple copies are present little to no ITS length variation occurs (Rocap et al. 2003; Palenik et al. 2003; Moran et al. 2004; . Indeed, intragenomic ITS length homogeneity is confirmed in this study for several bacterial clades, including the cyanobacteria (Table 1) . However, significant variation in ITS length occurs in other groups. For example, members of the c-proteobacterial genus Vibrio and their relative Photobacterium profundum possess between 6 and 12 ITS length variants per genome (Table 1) . Vibrio species are often of importance to both ecological processes and human health in natural systems (e.g., Colwell 1996) . For these systems, ITS-based estimates of microbial diversity that do not account for interoperon variation will likely misrepresent the richness of the bacterial community. The same may be true for nutrient-rich or temporally or environmentally heterogeneous habitats, such as soil, which may select for bacteria with multiple rrn operons (Klappenbach et al. 2000; Weider et al. 2005) . Determining the ratio between total rrn number and phylotype richness for ecologically distinct habitats will help us better understand how intragenomic ITS variation may bias diversity estimates.
Intragenomic ITS Variation-Nucleotide Divergence
Intragenomic ITS variation may also be evaluated directly at the level of sequence divergence. On average, a bacterium in this study contains 2.75 unique ITS sequence variants per genome, with the number of variants per genome increasing by 0.61 per additional rrn operon copy (Supplementary Fig. 1B ). This suggests that multicopy (paralogous) rrn operons within a genome may represent a substantial source of bias in studies where ITS sequence richness is used as a proxy for taxonomic richness (e.g., clone library analysis). Indeed, for this data set, if distinct ITS sequences were to be interpreted as distinct taxa, taxonomic richness would be overestimated by 175% (mean number of sequence variants per taxa = 2.75). However, this is a maximum value given the possibility that distinct bacterial species share identical ITS sequences. Indeed, while the conservation of ITS sequences across distinct species was not examined, the sharing of an identical ITS sequence among bacteria that differ at the strain level occurs in 3 of the 13 instances in which multiple strains of the same species were included in the data set (Table 1 ). The conservation of ITS sequence among functionally divergent bacteria that differ genetically at the strain level in natural samples therefore warrants closer examination. However, given prior reports of high variability in ITS length and sequence among even closely related taxa (Gu¨rtler and Stanisich 1996; Garcı´a-Martı´nez et al. 1999) , ITS sequences are unlikely to be conserved across more distantly related bacteria (i.e., species level and greater). Rather, the primary error in diversity analyses is likely an overestimation of taxonomic richness due to erroneous interpretation of distinct paralogue sequences as distinct taxa.
The increase in ITS sequence richness due to increasing rrn operon copy number is commonly manifested as differences in the presence or absence of distinct sequence blocks that define ITS classes (e.g., tRNA genes). Indeed, 58% of ITS richness within a genome is explained by differences in ITS class (tRNA composition) among operons (mean number of ITS classes per genome, 1.6; Supplementary Fig. 1A) ; the remainder is due to sequence variation within a class. Alignments of ITS sequences grouped by class within a genome allowed direct quantification of the role of base substitutions in generating intragenomic ITS divergence.
Nucleotide divergence due to base substitution occurs in 46% of alignments of paralogous ITS sequences, with values ranging from 0% to 12.11% (mean: 0.94%). While low, these values are certainly within the range of those resulting from interpopulation, or strain-level, divergence between closely related bacteria (e.g., Osorio et al. 2005; Dechaine et al. 2006) . This raises the possibility that interoperon ITS divergence may spuriously be interpreted as genetic variation resulting from population-level processes (e.g., divergence along biogeographic or environmental gradients). This is possible if preferential amplification of the ITS from a specific operon occurs in some samples but not in others (Boyer et al. 2001) . Avoiding this bias would likely require the use of operon-specific primers for PCR amplification (Anto´n et al. 1998; Boyer et al. 2001 ). This restricts the use of the ITS for population-level genetic analyses to organisms for which rrn operon variation within the genome has been quantified.
Interestingly, intragenomic divergence is highest in the genomes of three thermophiles, the gram positive bacteria Geobacillus kaustophilus, Thermoanaerobacter tengcongensis, and Carboxydothermus hydrogenoformans. Indeed, for G. kaustophilus, seven of its nine ITS sequences, despite belonging to the same ITS class (tRNA-none), exhibit such high length (386À735 bp) and sequence heterogeneity that they cannot be effectively aligned, aside from a sequence block of 138 bp that is conserved across all seven ITS regions. Even within this conserved block, 24% of nucleotide sites are polymorphic. ITS variability in these thermophiles is consistent with a prior study showing that the highest interoperon divergence in 16S rRNA sequences occurs in thermophilic Bacteria and Archaea, suggesting a connection between rrn divergence and environmental conditions (Acinas et al. 2004b) .
While our estimates of sequence divergence do not reflect insertion-deletion events (indels), prior studies suggest that indels contribute substantially to intragenomic ITS variation in some organisms. Several studies focusing on one or few bacterial taxa have analyzed ITS sequences across all operons within a genome, showing interoperon variation in the form of distinct combinations of conserved sequence blocks (Gu¨rtler and Stanisich 1996; Anto´n et al. 1998; Lan and Reeves 1998; Wenner et al. 2002) . These blocks include both tRNA genes and non-tRNA elements. Such non-tRNA blocks may include short terminal sequences (5' and 3' ends of ITS) that participate in RNA processing (Gu¨rtler 1999) , as well as other functionally significant elements, such as the Box A and B sequences, which putatively function as antitermination sites during RNA transcription and have been shown to be highly conserved across rrn operons within a genome and even across bacterial species (Berg et al. 1989; Iteman et al. 2000; Osorio et al. 2005) . Such sequence blocks may occur in a mosaic pattern, being inserted into some ITS regions and deleted from others, or arranged in distinct combinations in different operons. Indeed, this mosaic composition has been cited as evidence that the ITS region undergoes frequent homologous recombination that serves both to create new ITS variants and to homogenize sequences from distinct operons Privitera et al. 1998; Garcı´a-Martı´nez et al. 1999; Gu¨rtler 1999; Liao 2000; Giannino`et al. 2003; Milyutina et al. 2004; Osorio et al. 2005) .
Though indels resulting from recombination undoubtedly contribute to intragenomic diversification of ITS sequences, our data suggest that they do so primarily at the level of ITS class. In most genomes ITS class designation (tRNA composition) is a useful indicator of homology (Osorio et al. 2005 ; this study). Though not always the case (see below), sequences belonging to the same class can typically be aligned along the full length of the sequence, indicating that they share the same combination of sequence blocks. This suggests that recombination involving short sequence blocks, while potentially important in generating distinct ITS classes, plays a smaller role in generating sequence variants within a class. Indeed, our calculations show that if indels are considered when distinguishing ITS sequence variants, the average number of variants per genome increases only slightly, from 2.63 to 2.75. Furthermore, on average, indels >1 bp represent only $10% of the total number of variable sites within an ITS alignment, suggesting that ITS divergence among sequences of the same class within a genome is due primarily to base substitution.
Nonetheless, while indels are a minor fraction of sequence variation and are typically absent from alignments showing zero nucleotide divergence, in a few genomes intragenomic divergence within an ITS class is clearly attributable to indel events. These generated ITS variants differing in length and the presence or absence of distinct sequence blocks. For example, the b-proteobacterium Chromobacterium violaceum possesses eight ITS sequences, all of which encode tRNA-Ala and tRNA-Ile. These sequences consist of two distinct ITS variants: a short (507-bp) and a long (680-to 681-bp) variant present in two and six rrn operons, respectively. Comparisons of sequences corresponding to each variant show that the two short sequences are identical and the six longer sequences contain only one polymorphic site. However, alignment of all eight sequences shows two conserved regions (393-bp total; 0.25% divergence) flanking an unalignable central region containing long indels that define each ITS variant. Similarly, the c-proteobacterium Chromohalobacter salexigens contains five ITS regions that belong to the same class (tRNA-Ale+Ile) but differ in length (range: 573À707 bp) due to insertions and deletions of distinct sequence blocks. These indels, which prevent alignment along $40% of the sequence and contribute considerably to interoperon ITS variation, are not represented in our estimates of sequence divergence, which account only for nucleotide substitutions within alignable regions. This pattern also occurs in the ITS sequences of the actinobacterium Streptomyces coelicolor A3(2), which show no nucleotide substitutions in alignable regions but nonetheless vary considerably in length (196À280 bp) and indel composition. These examples illustrate that in some genomes insertion-deletion events operate within an ITS class to create a mosaic of alignable and unalignable sequence blocks, and that this diversity is potentially masked by estimates of divergence that do not account for indel events. However, the insertion of gaps into alignments of sequences potentially undergoing rapid evolution, such as the ITS, is complicated by the difficulty of accurately determining gap placement (Simmons and Ochoterena 2000; Pearce 2006) . Until this problem can be resolved, hypervariable regions in some ITS alignments should be treated as possible sources of error in diversity estimates.
Implications for Concerted Evolution of the ITS
Our analysis provides important insight into the evolution of the ITS in Bacteria. Most notably, we show that, despite the potential for multiple ITS variants per genome, ITS regions undergo extensive sequence homogenization among rrn operons. Fiftyfour percent of all ITS alignments show zero nucleotide polymorphisms, and 81% contain at least two identical sequences. This pattern could arise if rrn operons duplicated recently, leaving little time for divergence to occur. However, given the elevated rate of sequence evolution in the ITS (Gu¨rtler and Stanisich 1996; Anto´n et al. 1998; Schloter et al. 2000; Rocap et al. 2002 Rocap et al. , 2003 , operon duplication would have had to occur very recently over a diverse range of bacteria to explain the high level of within-genome ITS homogeneity observed here. This seems unlikely, though it is impossible to rule out recent duplication as a potential contributor to low ITS divergence in some genomes. A more likely hypothesis is that low ITS divergence is driven by concerted evolution.
Concerted evolution, the process by which genetic content is homogenized among paralogs in a multigene family, is extensively studied in eukaryotes. This process has been invoked as the primary mode of evolution in the eukaryotic rrn gene family (Hillis et al. 1991; Nei and Rooney 2005) , which in some species consists of hundreds to thousands of identical operons arrayed in tandem along the chromosome (Brown et al. 1972; Nei and Rooney 2005) . While rrn gene families of bacteria contain considerably fewer operons, which are often dispersed throughout the genome rather than tandemly arrayed (e.g., Fig. 4 ), prior studies show that bacterial rrn operons also evolve in concert (Mattatall and Sanderson 1996; Anto´n et al. 1998; Liao 2000; Gonza´lez-Escalona et al. 2005; . Concerted evolution of bacterial rrn operons has been demonstrated in part by comparisons of ITS regions within and among genomes of related taxa (Gurtler and Mayall 1999) . Specifically, if each operon evolves independently, ITS variation within a genome should equal variation between genomes (assuming that operons duplicated prior to the divergence of the genomes being compared, as evidenced by conservation in the number and chromosomal position of operons; Fig. 4) . Conversely, if operons evolve in concert, between-genome variation should exceed within-genome variation. Unfortunately, multiple between-genome comparisons are beyond the scope of this study, owing partly to the large number of taxa included and to the inability to unambiguously align ITS regions from all but the most closely related taxa. Nonetheless, other authors focusing on fewer taxa or more specifically on rRNA have demonstrated rrn operon homogenization within species but little sequence similarity between species (Gu¨rtler and Stanisich 1996; Anton et al. 1998) , providing strong evidence of concerted evolution in this gene family.
Prior studies suggest that homogenization of sequence tracts among rrn operons (concerted evolution) likely occurs via multiple gene conversion events (nonreciprocal DNA transfer between homologous sequences ; Gu¨rtler 1999; Liao 2000; Gonza´lez-Escalona et al. 2005; . Such events rearrange or delete relatively short sequence blocks, which are generally less than 500 bp but more typically less than 120 bp (e.g., tRNA genes, Box A,B elements [Privitera et al. 1998; Gu¨rtler 1999] ). As discussed above, these events are likely responsible for generating ITS variants of distinct length and composition, each of which may be present in multiple identical copies within a genome (Fig. 4 ) (Gu¨rtler 1999; Gu¨rtler and Mayall 1999; Liao 2000) . However, gene conversion may also involve longer stretches of nucleotides. Interoperon gene conversion involving the entire ITS region ($400 bp) was shown experimentally in Escherichia coli, in which conversion events between 16S rRNA genes caused the replacement of an ITS lacking tRNA-Ala and tRNAIle genes with one containing them (Hashimoto et al. 2003) . Also, conversion tracts of a similar size range (150 to 800 bp) were detected in a nitrogenase structural gene in the a-proteobacterium Rhizobium etli ). In our study, the length of ITS regions showing zero intragenomic variation averages 546 bp and ranges from 13 to 1255 bp (Table 1 ). These data confirm that processes homogenizing the rrn operon can act over large (>500-bp) sequence tracts, which often include the entire ITS region. The prevalence of homogenized ITS sequences observed in this study raises the possibility that in some genomes concerted evolution in the rrn multigene family involves the gross replacement of one operon with another. This would constitute a refinement of the model presented by Liao (2000) , which, based on analysis of 12 Bacteria and Archaea genomes, suggests that sequence conversion is patchy and occurs in short, discontinuous tracts throughout the rrn operon. However, sequence analysis along the full length of the rrn operon is needed to definitively demonstrate whole-operon conversion events.
In contrast to a strict model of concerted evolution in which all gene copies in an rrn multigene family are homogenized (e.g., Nei and Rooney 2005; Rooney and Ward 2005) , our data indicate that concerted evolution homogenizes operons within distinct subgroups (defined here by ITS class or tRNA composition). Thus, while concerted evolution (potentially via gene conversion) occurs commonly among rrn operons in Bacteria, it often does not result in the sweep of a single operon type and its fixation throughout a genome. Distinct ITS classes are maintained in 41% of genomes (often with homogenization occurring within a class), suggesting selection for multiple ITS types within a genome. In eukaryotes, selection has been shown to optimize the length of the ITS, with length variants differing in the number of enhancer and promoter sites and therefore in the rate of transcription of the rrn operon (Weider et al. 2005) . In contrast, for ITS regions in Bacteria, in which enhancer and promoter sites are absent, sequence elements under selection may include double-stranded processing stems involved in maturation of adjacent rRNAs, antitermination sites, tRNA genes, or other sequence blocks whose function has not yet been identified (Gu¨rtler 1999) . Quantifying a selective benefit, if any, of maintaining multiple ITS variants within a genome will involve examining the conservation of different combinations of sequence blocks among operons and across genomes, as well as determining the function of uncharacterized ITS sequence blocks. Selection studies also may require quantifying the fitness effect of experimentally altering the relative abundance of distinct ITS types within a genome. Such studies, focused on both ITS regions and rRNA genes, will help determine the role strong purifying selection may play in homogenizing the rrn gene family. To date, the balance between purifying selection and concerted evolution in the homogenization of rrn operons has been largely understudied (Nei and Rooney 2005) .
Sequence divergence in the ITS appears not to be tightly linked to divergence in the corresponding 16S rRNA gene. Indeed, intragenomic variation in 16S genes explains less than one-third of the variation in the ITS (Fig. 3) , suggesting that these two regions may not evolve in concert across all operons. Furthermore, though intragenomic ITS variation typically exceeds variation in adjacent 16S genes, in approximately one-quarter of the alignments, the opposite occurs. This seems counter to the assumption that the 16S gene experiences significantly greater functional constraint on sequence change relative to the ITS (e.g., Garcı´a-Martı´nez et al. 1999; Liao 2000) . However, 16S variation exceeds ITS variation only in instances when both values are low (typically <0.5%). Such instances may reflect recent divergence among operons (i.e., recent gene conversion or duplication events). Given short interoperon divergence times and the stochastic nature in which mutations accumulate, 16S divergence may be expected to exceed ITS divergence by chance alone, even under strong constraint.
Alternatively, these regions may differ in the rate at which they are homogenized. Liao (2000) suggests that homogenization (via gene conversion) occurs primarily in genic regions of the rrn operon, citing as evidence the extensive sequence heterogeneity in the cotranscribed ITS regions of 12 Bacteria and Archaea genomes. However, additional evidence is needed to rule out the possibility that higher heterogeneity in the ITS might be due to reduced selective constraint in this region. Furthermore, direct measurements of gene conversion rates will be necessary to definitively conclude that recombination dynamics differ between 16S and ITS regions. Unfortunately, estimating intragenomic recombination rates is complicated by the low levels of genetic diversity observed among 16S and ITS paralogues. Most estimators of recombination rate perform poorly at such low levels of diversity (Wall 2000; Posada et al. 2002) and would likewise be inhibited by the relatively low number of sequences per alignment (mean: $5). Though beyond the scope of this study, empirically measuring recombination rates for distinct regions of the rrn operon would provide important insight into the concerted evolution of the operon as a whole.
ITS Homogenization and rrn Operon Location
This study also examined the possibility that sequence homogenization among paralogous ITS regions may depend on the physical location of rrn operons on the bacterial chromosome (Fig. 4) . In contrast to eukaryotic genomes, in which multiple rrn operons are typically clustered in a tandem array along a chromosome (Brown et al. 1972; Nei and Rooney 2005) , bacterial genomes do not exhibit a consistent operon distribution. In some genomes (e.g., Bacillus sp.), rrn operons are clustered near the origin of replication, presumably to accommodate the greater need for newly synthesized proteins at the beginning of cell division (Garcı´a-Martı´nez et al. 1999) . However, this pattern is far from universal; rrn operons also are frequently dispersed throughout the genome, as in several species of b-, d-, and -Proteobacteria (Fig. 4) . But among closely related genera and species (e.g., the enteric bacteria Escherichia, Shigella, Salmonella sp.) and certainly among strains (e.g., strains of Legionella pneumophila, Campylobacter jejuni), the spatial distribution of rrn operons may be conserved (Fig. 4) . However, there is not a clear relationship between intragenomic ITS homogenization and rrn operon position on the chromosome. Based on analysis of 14 Bacteria and Archaea genomes, Hashimoto et al. (2003) finds a significant positive correlation between the pairwise genetic distance between rrn operons and the physical distance between them on the chromosome. This suggests an inverse relationship between operon proximity and the rate of gene conversion, with higher conversion rates leading to higher levels of sequence homogenization. Indeed, the relationship between gene proximity and recombination rate has been demonstrated experimentally for both eukaryotes and prokaryotes (Dvorak et al. 1987; Lovett et al. 1994; Segall and Roth 1994) . Interestingly, however, our data indicate that in many genomes ITS homogenization, potentially via gene conversion (Liao 2000) , is not dependent on operon proximity. In contrast to the work of Hashimoto et al. (2003) , our analysis does not reveal a significant positive relationship between genetic distance and physical distance (bp) between operons (regression slope, 2 · 10 )7 ; R 2 = 0.01, data not shown). Figure 4 shows that homogenization (zero divergence) can occur regardless of whether operons are clustered (e.g., 11 operons of Clostridium acetobutylicum (Firmicutes)) or dispersed throughout the genome (e.g., 5 operons of Corynebacterium diptheriae (Actinobacteria)). Furthermore, in seven genomes analyzed here (Fig. 4) identical ITS sequences occur on separate chromosomes. This provides further evidence that sequence homogenization also occurs across chromosomes in bacteria, as demonstrated previously for gene conversion events involving 16S rRNA genes in the soil bacterium Ochrobactrum intermedium (Teyssier et al. 2003) . Large physical distances between paralogous rrn operons therefore may not be enough to allow an ITS region to avoid gene conversion and begin to diverge. Together, our data indicate that extensive sequence homogenization among paralogues (concerted evolution) is the dominant feature of ITS evolution in Bacteria.
Summary
This study used sequence data from 155 complete Bacteria genomes to systematically assess the structure, intragenomic divergence, and evolution of the ITS region. We show that large intragenomic variation may occur, but primarily at the level of ITS class. In contrast, sequence divergence within classes is surprisingly low, and most within-class ITS alignments show no variation. Our results underscore the pervasiveness of concerted evolution in the rrn gene family, showing that in many instances distinct ITS classes are maintained within a genome and that homogenization of sequence occurs within a class. Knowledge of how the ITS region evolves across diverse bacterial groups helps microbial ecologists and population geneticists assess the efficacy of using this marker for studies of strain-level variation and gene flow in natural populations. Furthermore, this work reveals the extent to which different mechanisms (e.g., functional constraint on sequence evolution, gene conversion) purge or maintain sequence variation in the rrn gene family of Bacteria.
